The mucin 1 (MUC1) oncoprotein has been linked to the inflammatory response by promoting cytokine-mediated activation of the NF-κB pathway. The TGF-β-activated kinase 1 (TAK1) is an essential effector of proinflammatory NF-κB signaling that also regulates cancer cell survival. The present studies demonstrate that the MUC1-C transmembrane subunit induces TAK1 expression in colon cancer cells. MUC1 also induces TAK1 in a MUC1 +/ − /IL-10 − / − mouse model of colitis and colon tumorigenesis. We show that MUC1-C promotes NF-κB-mediated activation of TAK1 transcription and, in a positive regulatory loop, MUC1-C contributes to TAK1induced NF-κB signaling. In this way, MUC1-C binds directly to TAK1 and confers the association of TAK1 with TRAF6, which is necessary for TAK1-mediated activation of NF-κB. Targeting MUC1-C thus suppresses the TAK1 → NF-κB pathway, downregulates BCL-XL and in turn sensitizes colon cancer cells to MEK inhibition. Analysis of colon cancer databases further indicates that MUC1, TAK1 and TRAF6 are upregulated in tumors associated with decreased survival and that MUC1-C-induced gene expression patterns predict poor outcomes in patients. These results support a model in which MUC1-C-induced TAK1 → NF-κB signaling contributes to intestinal inflammation and colon cancer progression.
INTRODUCTION
Mucin 1 (MUC1) is a heterodimeric transmembrane protein that is activated in cytokine-mediated inflammatory responses. 1 MUC1 is aberrantly overexpressed in human colon cancers and is associated with invasion, metastases and a poor prognosis. [2] [3] [4] [5] [6] [7] [8] However, there is limited information regarding a functional role for MUC1 in colon cancer cells.
MUC1 consists of an extracellular N-terminal subunit (MUC1-N) with variable numbers of glycosylated tandem repeats and a C-terminal transmembrane subunit (MUC1-C). 1 MUC1-N is shed from the epithelial cell surface, where it contributes to the intestinal mucosal barrier. In turn, MUC1-C signals growth and survival responses to the interior of cells constituting the epithelial layer. 1 The available evidence indicates that colon and other cancer cells have exploited MUC1-C-induced survival signals by aberrantly expressing this subunit. For example, MUC1-C contributes to activation of the WNT/β-catenin pathway, which is frequently activated in colon cancer, 9 by binding directly to and stabilizing β-catenin. 10 The MUC1-C cytoplasmic domain also interacts directly with TCF7L2/TCF4 and thereby promotes βcatenin/TCF4-mediated transcription of WNT target genes, such as cyclin D1. 11 Other studies have linked MUC1-C to the constitutive activation of NF-κB in human carcinomas. 12 In this context and like activated NF-κB, MUC1-C contributes to transformation and blocks apoptosis by a mechanism that involves in part upregulation of BCL-XL expression. 13,14, These MUC1-C-induced responses are conferred by interaction of the MUC1-C cytoplasmic domain with the high-molecular weight IκB (IKK) complex. 15 In turn, MUC1-C promotes IKKβ activation, resulting in phosphorylation and degradation of IκBα. 15 Other work has demonstrated that MUC1-C interacts directly with NF-κB p65 and contributes to activation of NF-κB target genes, such as BCL-XL. 12 The interaction between MUC1-C and NF-κB has also been linked to the induction of ZEB1, a transcriptional repressor that drives epithelial-mesenchymal transition and cancer progression. 16 The transforming growth factor β-activated kinase 1 (TAK1) is a proinflammatory effector that contributes to activation of the IKK complex and thereby the NF-κB pathway. 17 TAK1 is a key regulator of the innate immune response and inflammation. 17, 18 TAK1 has also been linked to colon cancer cell survival and the control of cell death. [19] [20] [21] [22] However, little is known about the control of TAK1 levels in inflammation and cancer. The present studies demonstrate that MUC1-C induces TAK1 expression in colon cancer cells. We show that (i) MUC1-C induces TAK1 expression by promoting NF-κB-mediated activation of the TAK1 promoter, and (ii) MUC1-C binds directly to TAK1 and confers the formation of a TAK1 complex with TRAF6, which in turn activates TAK1 → NF-κB signaling. In concert with these results, targeting MUC1-C with silencing or with an inhibitor suppresses the TAK1 → NF-κB pathway. These in vitro studies were performed on colon cancer cells that harbor KRAS mutations; however, the focus of the present work is on MUC1-C-induced activation of TAK1 and not on a role for MUC1-C in the context of mutant KRAS. Our studies extend to a MUC1 transgenic model of inflammatory bowel disease and colon tumorigenesis and provide further support for 1 MUC1-C-mediated induction of TAK1 → NF-κB signaling. In addition, analysis of gene array databases demonstrates that MUC1-C, TAK1 and TRAF6 associated expression patterns predict poor outcomes in colon cancer patients.
RESULTS
Silencing MUC1-C decreases TAK1 signaling in colon cancer cells SK-CO-1 colon cancer cells are dependent on TAK1 for survival. 21 MUC1-C was therefore stably silenced in SK-CO-1 cells to determine whether MUC1-C affects TAK1 signaling (Figure 1a) . Notably, silencing MUC1-C in SK-CO-1/MUC1shRNA cells was associated with marked downregulation of TAK1 mRNA levels as compared with that in control SK-CO-1/CshRNA cells (Figure 1b , left). Silencing MUC1-C was also associated with decreases in TAK1 protein (Figure 1b , right). In addition, MUC1-C was necessary for activation of phospho-IKKβ and phospho-NF-κB p65 (Figure 1c , left and Supplementary Figure S1A, left and right). Intriguingly, treatment of SK-CO-1 cells with the NF-κB inhibitor BAY11-7085 23 suppressed TAK1 mRNA levels (Supplementary Figure S1B) , indicating that MUC1-C may activate a TAK1-NF-κB autoinductive loop. In concert with these results, silencing MUC1-C decreased activation of a NF-κB p65-driven pGL4.32 promoter-Luc reporter (Figure 1c , right). To extend this analysis, MUC1-C was downregulated in SW620 colon cancer cells ( Figure 1d ). As found with SK-CO-1 cells, MUC1-C suppression in SW620 cells was associated with decreases in TAK1 expression ( Figure 1e , left and right). We also found that silencing of MUC1-C in SW620 cells results in suppression of NF-κB signaling (Figure 1f , left and right).
These results indicate that MUC1-C contributes to activation of the TAK1 → NF-κB pathway in colon cancer cells. Figure S2A ). Accordingly, we stably overexpressed MUC1-C in these cells (Figure 2a ) to further define the interaction between MUC1-C and TAK1. In concert with the finding that silencing MUC1-C downregulates TAK1 expression, we found that TAK1 mRNA levels are significantly increased in HCT116/MUC1-C, as compared with HCT116/vector, cells (Figure 2b Silencing MUC1-C in colon cancer cells suppresses the TAK1 → NF-κB pathway. (a) SK-CO-1 cells were infected with lentiviruses to stably express a control CshRNA or a MUC1shRNA. Lysates from the wild-type (WT) and transduced cells were immunoblotted with the indicated antibodies. (b) TAK1 mRNA levels in the indicated SK-CO-1 cells were determined by qRT-PCR (left). The results are expressed as relative TAK1 mRNA levels (mean ± s.d. of three determinations) as compared with that obtained for the SK-CO-1/CshRNA cells (left). Lysates were immunoblotted with the indicated antibodies (right). (c) Lysates from SK-CO-1/CshRNA and SK-CO-1/MUC1shRNA cells were immunoblotted with the indicated antibodies (left). The indicated cells were transfected with pGL4.32-Luc for 48 h and then assayed for luciferase activity. The results are expressed as the relative luciferase activity (mean ± s.d. of three determinations) compared with that obtained for the SK-CO-1/CshRNA cells (right). (d) SW620 cells were infected with lentiviruses to stably express a control CshRNA or a MUC1shRNA. Lysates from the wild-type (WT) and transduced cells were immunoblotted with the indicated antibodies. (e) TAK1 mRNA levels in the indicated SW620 cells were determined by qRT-PCR (left). The results are expressed as relative TAK1 mRNA levels (mean ± s.d. of three determinations) as compared with that obtained for the SW620/CshRNA cells (left). Lysates were immunoblotted with the indicated antibodies (right). (f) Lysates from the SW620/CshRNA and SW620/MUC1shRNA cells were immunoblotted with the indicated antibodies (left). The indicated cells were transfected with pGL4.32-Luc for 48 h and then assayed for luciferase activity. The results are expressed as the relative luciferase activity (mean ± s.d. of three determinations) compared with that obtained for the SW620/CshRNA cells (right).
MUC1-C induces TAK1 expression HCT116 colon cancer cells have low to undetectable levels of MUC1-C as compared with that in SK-CO-1 and SW620 cells (Supplementary
( Figure 2f ). These findings demonstrate that MUC1-C is sufficient for induction of TAK1 and the NF-κB pathway.
MUC1-C promotes NF-κB p65 occupancy of the TAK1 promoter On the basis of the above observations, we searched the human TAK1 (MAP3K7) promoter region using the annotated sequence available at the Ensembl genomic database (ENST00000369329; NCBI Reference Sequence: NG_011966.2) and found a potential NF-κB binding sequence at position − 326 to − 317 upstream to the transcription start site (Figure 3a , upper panel). To determine whether this putative NF-κB site contributes to activation of the TAK1 promoter, we compared activation of a wild-type (5ʹ-GGGACCAACC-3ʹ) and mutant (5ʹ-CTCACCAACC-3ʹ) TAK1 promoter-luciferase reporter (pTAK1-Luc) in SK-CO-1 cells. Mutation of the putative NF-κB site was associated with a significant decrease in TAK1 promoter activation (Figure 3a , lower panel). On the basis of these results, ChIP studies were performed which demonstrated that NF-κB p65 occupies the TAK1 promoter ( Figure 3b ). We also found that silencing MUC1-C in SK-CO-1 cells decreases NF-κB p65 occupancy ( Figure 3b ). Re-ChIP analysis further demonstrated that NF-κB p65 occupies the TAK1 promoter with MUC1-C ( Figure 3c ). In concert with these findings, activation of the pTAK1-Luc reporter in LoVo/MUC1-C cells was significantly attenuated by mutation of the NF-κB site ( Figure 3d ). Moreover, NF-κB p65 occupancy on the TAK1 promoter was increased in LoVo/MUC1-C, as compared with LoVo/vector, cells ( Figure 3e ). Re-ChIP studies using the LoVo cells further confirmed that NF-κB occupies the TAK1 promoter with MUC1-C ( Figure 3f ). These results collectively provided support for a model in which MUC1-C also promotes NF-κB-mediated activation of TAK1 expression.
MUC1-C forms a complex with TAK1 and TRAF6 TAK1 phosphorylates IKKβ on Ser-181 and thereby activates the NF-κB pathway. 24, 25 The demonstration that MUC1-C associates with IKKβ 15 prompted studies to determine whether MUC1-C also forms a complex with TAK1. Indeed, coimmunoprecipitation experiments using lysates from SK-CO-1 cells showed that MUC1-C associates with TAK1 ( Figure 4a ). In concert with these co-immunoprecipitation results and the previous demonstration that MUC1-C interacts with the IKK complex, 15 immunodepletion of MUC1-C from SK-CO-1 cell lysates was associated with decreases in TAK1, p-IKKβ and IKKβ (Figure 4b , left). As additional controls, MUC1-C/TAK1 complexes were also detectable when co-immunoprecipitation studies were performed on HCT116/MUC1-C, but not HCT116/vector, cell lysates (Figure 4b , right). These results collectively supported the association of MUC1-C and TAK1 in cells. In vitro binding studies further demonstrated that the MUC1-C cytoplasmic domain (MUC1-CD; Supplementary Figure S3 ) interacts directly with GST-TAK1 ( Figure 4c ). To define the region of MUC1-CD that confers the interaction, we incubated GST-MUC1-CD deletion mutants with His-TAK1 ( Figure 4d ). The results showed that MUC1-CD(1-45), but not MUC1-CD(46-72), binds to TAK1 (Figure 4d ). We also found that mutation of the MUC1-CD CQC motif to AQA Figure 2 . MUC1-C is sufficient for activation of the TAK1 → NF-κB pathway. (a) Lysates from HCT116 colon cancer cells transduced to stably express an empty vector or MUC1-C were immunoblotted with the indicated antibodies. (b) TAK1 mRNA levels in the indicated HCT116 cells were determined by qRT-PCR (left). The results are expressed as relative TAK1 mRNA levels (mean ± s.d. of three determinations) as compared with that obtained for the HCT116/vector cells (left). Lysates were immunoblotted with the indicated antibodies (right). (c) Lysates from LoVo colon cancer cells transduced to stably express an empty vector or MUC1-C were immunoblotted with the indicated antibodies. (d) The indicated LoVo cells were transfected with a TAK1 promoter-luciferase reporter (pTAK1-Luc) for 48 h and then assayed for luciferase activity. The results are expressed as the relative luciferase activity (mean ± s.d. of three determinations) compared with that obtained for the LoVo/ vector cells (left). qRT-PCR analysis of TAK1 mRNA in the indicated LoVo cells is expressed as relative levels (mean ± s.d. of three determinations) as compared with that obtained for the LoVo/vector cells (right). (e) Lysates from the LoVo/vector and LoVo/MUC1-C cells were immunoblotted with the indicated antibodies. (f) The indicated LoVo cells were transfected with pGL4.32-Luc for 48 h and then assayed for luciferase activity. The results are expressed as the relative luciferase activity (mean ± s.d. of three determinations) compared with that obtained for the LoVo cells.
abrogated binding to TAK1 (Figure 4d ), indicating that the Cys residues are of importance for the interaction.
TNF receptor-associated factor 6 (TRAF6) is an E3 ubiquitin ligase that functions upstream to TAK1 and NF-κB activation. 26 On the basis of the known interaction between TAK1 and TRAF6, we asked whether, like TAK1, MUC1-C also associates with TRAF6. Indeed, co-immunoprecipitation studies demonstrated that MUC1-C forms a complex with TRAF6 (Figure 4e , left). In addition, we found that the MUC1-C cytoplasmic domain (MUC1-CD) binds directly to GST-TRAF6 (Figure 4e , right). However, in contrast to TAK1, the interaction with TRAF6 was conferred by MUC1-CD(20-72) and not by MUC1-CD(1-45) ( Figure 4f ). The lack of detectable binding of MUC1-CD(46-72) to TRAF6 (Figure 4f) further supported involvement of a region spanning amino acids 45-46 and indicated that distinct regions of MUC1-CD bind to TAK1 and TRAF6. Moreover, and in contrast to TAK1, binding to TRAF6 was not affected by mutating MUC1-CD at CQC to AQA (Figure 4f ). The observation that MUC1-CD interacts with both TAK1 and TRAF6 invoked the possibility that MUC1-CD might facilitate the formation of TAK1/TRAF6 complexes. Significantly, there was little if any association of His-TAK1 and GST-TRAF6 in the absence of MUC1-CD ( Figure 4g ). By contrast, binding of TAK1 and TRAF6 was clearly observed in the presence of MUC1-CD and this interaction was abrogated by mutation of the CQC motif to AQA (Figure 4g ).
TRAF6 bridges the RAS and NF-κB pathways in lung cancer cells; 27 however, little is known about involvement of TRAF6 in colon cancer cells. Of interest in this regard, silencing MUC1-C in SK-CO-1 and SW620 cells was associated with downregulation of TRAF6 mRNA and protein ( Supplementary Figures S4A and S4B , left and right). Consistent with these results, expression of MUC1-C The results (mean ± s.d. of three determinations) are expressed as the relative fold enrichment compared with that obtained with the IgG control. (c) Soluble chromatin from the indicated SK-CO-1 cells was precipitated with anti-NF-κB p65. The precipitates were released, reimmunoprecipitated with anti-MUC1-C and then analyzed for TAK1 promoter sequences. The results (mean ± s.d. of three determinations) are expressed as the relative fold enrichment compared with that obtained with the IgG control. (d) LoVo/MUC1-C cells were transfected with wild-type or mutant pTAK1-Luc for 48 h and then assayed for luciferase activity. The results are expressed as the relative luciferase activity (mean ± s.d. of three determinations) compared with that obtained with wild-type pTAK1-Luc. (e) Soluble chromatin from LoVo/vector and LoVo/MUC1-C cells was precipitated with anti-NF-κB p65 and, as a control, IgG. The final DNA samples were amplified by qPCR with pairs of primers for the NF-κB binding region (NBR). The results (mean ± s.d. of three determinations) are expressed as the relative fold enrichment compared with that obtained with the IgG control. (f) Soluble chromatin from the indicated LoVo cells was precipitated with anti-NF-κB p65. The precipitates were released, reimmunoprecipitated with anti-MUC1-C and then analyzed for TAK1 promoter sequences. The results (mean ± s.d. of three determinations) are expressed as the relative fold enrichment compared with that obtained with the IgG control.
in HCT116 cells resulted in upregulation of TRAF6 mRNA and protein levels (Supplementary Figure S4C , left and right). Moreover, we found that MUC1-C induces TRAF6 expression in LoVo cells (Supplementary Figure S4D , left and right), indicating that MUC1-C is sufficient to drive the upregulation of both TAK1 and TRAF6.
Targeting the MUC1-C CQC motif blocks TAK1 → NF-κB signaling The findings that MUC1-C induces TAK1 expression and binds directly to TAK1 prompted studies with the cell-penetrating peptide GO-203 that targets the MUC1-C CQC motif and blocks MUC1-C function 28 (Figure 5a , upper panel). As a control, we used another cell-penetrating peptide, designated CP-2, in which the critical Cys residues for binding to endogenous MUC1-C were mutated to Ala (Figure 5a , upper panel). Treatment of SK-CO-1 cells with GO-203, but not CP-2, was associated with suppression of TAK1 expression and decreases in NF-κB p65 phosphorylation (Figure 5a , lower panels). We also found that treatment with GO-203 downregulates expression of the NF-κB target gene, BCL-XL (Figure 5a , lower panels). These effects of GO-203 were conferred, at least in part, by inhibition of NF-κB-mediated transactivation as determined by studies with the pGL4.32 promoter-Luc reporter (Figure 5b ). GO-203 also blocked the interaction between TAK1 and TRAF6 in SK-CO-1 cells (Figure 5c ). Consistent with the demonstration that TAK1 is necessary for survival of colon cancer cells, 21 we found that GO-203 inhibited SK-CO-1 cell growth (Figure 5d ). By contrast, GO-203 had no apparent effect on growth of HCT116 cells (Supplementary Figure S5 ). TAK1 contributes to the activation of both (i) NF-κB and (ii) β-catenin/TCF4 signaling in colon cancer cells. 21 Accordingly, we asked whether targeting MUC1-C and thereby downregulating TAK1 expression also affects the β-catenin/TCF4 pathway. Indeed, silencing MUC1-C in SK-CO-1 and SW620 cells was associated with decreases in activation of the β-catenin/TCF4-driven TOP-Flash promoter-reporter ( Supplementary Figures S6A and S6B ). Silencing MUC1-C was also associated with decreases in AXIN2, the product of a β-catenin/TCF4-dependent target gene ( Supplementary Figures S6C and S6D ), indicating that MUC1-C contributes to activation of the TAK1 → NF-κB and β-catenin/TCF4 pathways. Nonetheless, the novelty of a MUC1-C-dependent TAK1 and NF-κB auto-inductive loop that confers upregulation of BCL-XL prompted our focus on that pathway. Previous studies had demonstrated that MEK inhibitors are highly effective against KRAS mutant cancers when combined with agents that target BCL-XL. 29 Therefore, based on the finding that GO-203 decreases BCL-XL, we treated SK-CO-1 cells with GO-203 in combination with the MEK inhibitor AS703026. Inhibitory effects of the GO-203 +AS703026 combination on SK-CO-1 colony formation were more pronounced than with either agent alone (Figure 5e, upper panel) . Moreover, isobologram analysis of the combination showed marked synergy with a combination index of o 0.1 (Figure 5e , lower panels; Supplementary Table S2 ). Similar results were obtained when GO-203 was combined with the MEK inhibitor GSK1120212 (Figure 5f , upper and lower panels; Supplementary  Table S2 ). These findings with SK-CO-1 cells were confirmed when SW620 cells were treated with GO-203 (Supplementary Figure  S7A ) and the combination of GO-203 and MEK inhibitors ( Supplementary Figures S7B and S7C ; Supplementary Table S2 ), indicating that GO-203 is synergistic with different MEK inhibitors. 
MUC1-C regulates TAK1 and NF-κB in a MUC1 transgenic model of colitis and tumorigenesis
Intestinal inflammation increases the risk of developing colon cancer, conceivably through recurrent cycles of damage and repair of the mucosa. 30 Aberrant expression of MUC1 protein has been linked to inflammatory bowel disease; [31] [32] [33] however, to our knowledge, there is no available analysis of MUC1 and its relationship with NF-κB signaling in gene array databases from patients with colitis. MUC1 gene expression was therefore assessed in tissue samples from inflamed colonic mucosa derived from patients with ulcerative colitis as compared with corresponding uninflamed colonic mucosa from either ulcerative colitis patients or normal healthy controls. The data demonstrate significantly elevated levels of MUC1 gene expression in inflamed colonic mucosa as compared with that in corresponding uninflamed mucosa or that from healthy controls (Figure 6a ), supporting the potential involvement of MUC1 in colitis. Analysis of 438 NF-κB-regulated genes further showed that 34% are differentially expressed in colitis mucosa samples versus uninflamed controls. Of these differentially expressed genes, the majority (82%) were overexpressed in colitis samples. In addition, upregulation of MUC1 was associated with overexpression of NF-κB target genes, including TAK1 and TRAF6 (Figure 6b ).
To extend this analysis to a mouse model, we first studied mice transgenic for human MUC1 (MUC1 +/ − ) that express MUC1 under control of the endogenous human MUC1 promoter and exhibit a pattern of expression similar to that found in humans. 34 Immunoblot analysis of colon tissue from MUC1 +/ − mice demonstrated increased MUC1-C levels as compared with that in wild-type mice (Figure 6c and Supplementary Figure S8A ). In addition and in concert with the results obtained with the SK-CO-1 and SW620 cells, upregulation of MUC1-C in the MUC1 +/ − mouse colon was associated with increases in TAK1 and phospho-NF-κB p65 (Figure 6c and Supplementary Figure S8A ). BCL-XL levels were also upregulated in colon tissue from the MUC1 +/ − mouse (Figure 6c and Supplementary Figure S8A ). The MUC1 +/ − mice did not develop colitis as evidenced by a normal colonic mucosa (data not shown). By contrast, IL-10 − / − mice develop colitis with epithelial hyperplasia and inflammatory infiltrates due to aberrant regulation of the innate immune response to intestinal flora. 35 To assess the effects of MUC1-C on TAK1 signaling in a model of colitis and tumorigenesis, 36 we crossed MUC1 +/ − mice with IL-10 − / − mice and then the F1 MUC1 +/ − /IL-10 +/ − mice were bred with IL-10 − / − mice. Analysis of colon tissue from IL-10 − / − mice demonstrated marked upregulation of endogenous mouse Muc1-C expression, but at levels somewhat lower than that found Supplementary Table S2 .
in the MUC1 +/ − /IL-10 − / − mouse colon (Figure 6d and Supplementary Figure S8B ). We also found increases in TAK1, phospho-NF-κB p65 and BCL-XL that were more pronounced in the MUC1 +/ − /IL-10 − / − mouse colon (Figure 6d and Supplementary Figure S8B) . The presence of colitis as assessed by the development of rectal prolapse supported increased inflammation of the bowel in MUC1 +/ − /IL-10 − / − , as compared with IL-10 − / − , mice (Figure 6e) . Moreover, and consistent with previous studies, 36 the MUC1 +/ − /IL-10 − / − mice exhibited more severe colitis with dysplasia and progression to carcinomas (Figure 6f ).
MUC1-C-induced gene expression in human colon cancers
Our experimental results obtained from cell-based and genetically engineered mouse models lend support to a functional association of MUC1-C with colon cancer. However, there is no evidence that MUC1-C is linked to outcomes of patients with this disease. MUC1-C interacts with certain transcription factors, such as NF-κB, and contributes to the activation of downstream target genes. [10] [11] [12] 15, 37 We therefore investigated a model of MUC1-Cinduced genes 38 and, of these, 261 were present on the Affymetrix Human Genome U133 Plus 2.0 GeneChip. Analysis of the expression of these 261 genes across a clinical data set of 232 colon cancers defined two groups of patients with differing patterns of gene expression. Groups 1 and 2 included 114 and 118 patients, respectively. Of these, 226 had survival data.
Using Kaplan-Meier survival analysis, we found a significant (P = 0.0020, log-rank test) difference in 10-year cancer-specific survival between groups (group 1: 48% vs group 2: 77%) ( Figure 7a ). The group 10-year survival was 60.7%. In addition, tumors belonging to the poor prognosis cohort significantly overexpressed MUC1, TAK1 and TRAF6 as compared with those in the good prognosis cohort (Figure 7b ). Significance analysis of microarrays identified 127 of these genes as having differential expression between groups (Figure 7c and Supplementary Table S3 ). The majority of these genes were overexpressed in the poor prognosis cohort. Importantly, expression of this reduced set of 127 genes remained highly predictive of outcome. K-means clustering based on expression of the MUC1-C-induced genes was associated with a significantly increased risk for cancer-specific death in univariate (hazards ratio (HR) = 2.26, P = 0.0013) and multivariate (HR = 1.93, P = 0.01) analyses after controlling for clinical stage ( Supplementary Table S4 ).
Approximately 40% of colon cancers harbor KRAS gene mutations. 9 Therefore, in an independent clinical data set of 545 human colon cancers with a similar distribution of clinical stages, we extended the above results by examining overexpression of MUC1 as a function of KRAS mutation status. The results demonstrate a significantly higher incidence of MUC1 overexpression in the 217 KRAS mutated tumors as compared with the 328 KRAS wild-type tumors (64 vs 49%, Fisher's exact test P = 0.0011) (Figure 7d ). Hierarchical clustering analysis of KRAS-mutated tumors by expression of the 127 differentially expressed MUC1-C-induced genes identified differences in gene expression patterns across patients (Figure 7e ). Using K-means clustering analysis to define patient groups and Kaplan-Meier analysis to compare survival, we confirmed a significant (P = 0.05, log-rank test) difference in 10-year relapse-free survival between groups (group 1: 29% vs group 2: 65%) as is demonstrated in Figure 7f . The group 10-year survival was 50%. Taken together, these results demonstrate that MUC1-C-induced gene expression patterns predict poor outcomes in patients with colon cancer, including those with KRAS mutations. Consistent results were obtained in both colon cancer data sets in that 74-82% of the NF-κB genes were significantly overexpressed in the poor prognostic cohorts defined by MUC1-C-induced gene expression ( Supplementary Figure S9 and Figure 7g ).
DISCUSSION
MUC1 is aberrantly expressed in colon cancers with aggressive features. [2] [3] [4] [5] [6] [7] [8] However, remarkably little is known about the potential involvement of MUC1 and, specifically, the oncogenic MUC1-C subunit in colon cancer cells. The present studies were performed based in part on the finding that TAK1, a key regulator of innate immunity, is of importance for cancer cell survival. 21, 39 In this context, MUC1-C and TAK1 both function as upstream activators of the canonical NF-κB pathway, 15, 26, 40 supporting potential cross-talk between these two effectors. Moreover, the demonstration that silencing TAK1 in TNFα-stimulated non-malignant epithelial cells suppresses MUC1-C-mediated activation of IKKβ and NF-κB, 15 indicated that MUC1-C and TAK1 are functionally linked in the inflammatory response. Significantly, silencing MUC1-C in colon cancer cells was associated with downregulation of TAK1 expression. We also found that overexpression of MUC1-C increases TAK1 mRNA and protein levels. To our knowledge, there are no available reports that address the regulation of TAK1/MAP3K7 gene transcription. In this regard and interestingly, we identified an NF-κB binding motif in the TAK1 promoter and found that mutation of that site suppresses MUC1-C-induced TAK1 expression, indicating that both MUC1-C and NF-κB contribute to the induction of TAK1 expression. Previous work has shown that MUC1-C interacts with NF-κB p65, occupies the promoters of NF-κB target genes in a complex with p65 and enhances NF-κB-mediated transcriptional activation. 12 In concert with the MUC1-C/NF-κB interaction, we found that MUC1-C associates with NF-κB p65 on the TAK1 promoter and increases NF-κB p65 occupancy. TAK1 mediates NF-κB pathway activation in the regulation of innate immunity and proinflammatory responses. 26 Our results in colon cancer cells thus further indicate that NF-κB can in turn increase TAK1 expression in a positive regulatory loop (Figure 7h ). TAK1-mediated activation of NF-κB signaling in response to cytokine stimulation requires the formation of a complex with TRAF6. 26 TRAF6 is also of functional importance to activation of the NF-κB pathway in lung cancer cells. 27 In addition, depletion of TRAF6 in certain lung cancer cells is associated with loss of survival, indicating that TRAF6 promotes oncogenesis. 27 Amplification of the TRAF6 locus and overexpression of TRAF6 has been identified in lung cancer cells; 27 however, little is known about the regulation of TRAF6 expression in other carcinomas, including colon cancer. In this regard and as found for TAK1, our studies demonstrate that silencing MUC1-C in colon cancer cells is associated with downregulation of TRAF6 expression. We also found that MUC1-C increases TRAF6 mRNA and protein levels. How MUC1-C activates TRAF6 expression will require further study. Nonetheless, the finding that MUC1-C induces expression of both TAK1 and TRAF6 is of potential interest in that TRAF6 forms a complex with TAK1 that is necessary for TAK1-mediated activation of NF-κB. 26 The MUC1-C cytoplasmic domain is an intrinsically disordered protein that has structural plasticity for interactions with diverse effectors. 41 The present studies demonstrate that the MUC1-C cytoplasmic domain binds directly to TAK1 and that this interaction is dependent on the MUC1-C CQC motif (Figure 7h ). In addition, the finding that an adjacent region of the MUC1-C cytoplasmic domain binds to TRAF6 invoked the possibility that MUC1-C might contribute to the formation of TAK1-TRAF6 complexes. In support of this notion, we found that the MUC1-C cytoplasmic domain confers the association between TAK1 and TRAF6 in vitro (Figure 7h ). Moreover, targeting the MUC1-C CQC motif with GO-203 showed that MUC1-C promotes the TAK1-TRAF6 interaction in cells. TAK1 and TRAF6 therefore contribute to activation of NF-κB signaling 26 and, in a positive feed-forward loop, NF-κB p65 induces TAK1 expression ( Figure 7h ). MUC1-C thus contributes to this auto-inductive regulatory loop by driving TAK1 and TRAF6 expression and facilitating TAK1-TRAF6 complexes (Figure 7h ).
MUC1 is an important component of the intestinal mucosal barrier. 1 The epithelial lining of the intestinal tract is exposed to luminal contents that include proteases, bile, ingested toxins and the microbiome of bacteria. For protection, the intestinal epithelium is covered by a MUC1 containing mucin layer, which provides a physical barrier that limits damage to the mucosa. Levels of MUC1 in the intestinal mucosa are increased in the innate immune response to infection with pathogenic bacteria. 42 Increased MUC1 expression has also been reported in inflammatory bowel disease. [31] [32] [33] The present studies further demonstrate that upregulation of MUC1 in ulcerative colitis is associated with overexpression of NF-κB target genes. In mice, dextran sulfate sodium (DSS)-induced colitis results in upregulation of MUC1 expression. 43 Muc1-knockout mice are also more resistant to DSSinduced colitis, indicating that MUC1 promotes the inflammatory response. 44 As additional support for a functional role in the immune response, crossing MUC1 transgenic mice with the IL-10 − / − mouse model of colitis confers a significant increase in inflammation. 36 In the present work, upregulation of Muc1-C as observed in the IL-10 − / − mouse colon was associated with increases in TAK1 and activation of NF-κB signaling. More pronounced activation of the TAK1 → NF-κB pathway was also found in the highly inflammed and dysplastic MUC1 +/ − /IL-10 − / − mouse colon. The MUC1 +/ − /IL-10 − / − mouse exhibits a much higher incidence of colon cancers as compared with the IL-10 − / − mouse. 36 Thus, taken together with the DSS models of colitis, these findings indicate that MUC1-C is associated with intestinal inflammation and the progression of colitis to colon cancer. Persistent IKKβ → NF-κB activation has linked the inflammatory response with tumor development in mouse models of colitisassociated colon cancer. 45 In turn, activated NF-κB induces IL-6 and STAT3 signaling that further contribute to colitis and colon cancer. 46 One interpretation of our findings is that the MUC1-Cinduced TAK1 → NF-κB pathway functions in the upregulation of innate immune and inflammatory responses. By extension, prolonged overexpression of MUC1-C with repetitive episodes of intestinal inflammation results in constitutive activation of the TAK1 → NF-κB auto-inductive loop as found here in colon cancer cell lines (Figure 7h ).
On the basis of our findings in colon cancer cells in vitro and in the MUC1 transgeneic model of colitis, we sought to determine whether MUC1-C and the TAK1 → NF-κB pathway are linked in primary colon tumors. A tumorigenesis-associated gene expression pattern induced by the oncogenic MUC1-C subunit was therefore applied to the analysis of colon cancer data sets. The results show that the MUC1-C contributes to the regulation of genes that are highly predictive of poor clinical outcome in colon cancer patients. The data further demonstrate a strong association between MUC1-C-induced gene expression and co-expression of MUC1, TAK1 and TRAF6 in human colon cancers. In an independent data set of KRAS mutant tumors, patients overexpressing MUC1-C-induced genes were similarly at a significantly higher risk for disease relapse. A positive correlation between MUC1-C-induced gene expression and the NF-κB signaling pathway provided further support for a mutual regulation of both pathways by MUC1-C, indicating that the auto-inductive model derived from in vitro studies of colon cancer cells may extend to colon tumors (Figure 7h ). These findings also provide support for the targeting of MUC1-C in the potential treatment of colon cancers. In this context, a Phase I trial of GO-203 has recently been completed in patients with refractory solid tumors with definition of a maximum tolerated dose for Phase II studies. Therefore, based on the present results that targeting MUC1-C decreases TAK1 expression and function, certain patients with colon cancer may be candidates for GO-203 treatment. The present results further show that targeting MUC1-C decreases BCL-XL expression, which sensitizes KRAS mutant cancers to MEK inhibition. 29 Indeed, we found that GO-203 is highly synergistic with different MEK inhibitors that are under clinical development. Therefore, an additional strategy would be to combine GO-203 with a MEK inhibitor for the treatment of certain colon cancers that overexpress MUC1-C and exhibit activation of the TAK1 → NF-κB pathway.
MATERIALS AND METHODS

Cell culture
Human SK-CO-1 colon cancer cells (ATCC HTB-39) were cultured in EMEM medium (ATCC, Manassas, VA, USA) containing 10% heat-inactivated fetal bovine serum (HI-FBS). Human SW620 colon cancer cells (ATCC CCL-227) were grown in RPMI1640 medium (ATCC) containing 10% HI-FBS. Human HCT116 (ATCC CCL-247) and LoVo (ATCC CCL-229) colon cancer cells were cultured in DMEM (Corning, Manassas, VA, USA) and F-12K (ATCC) medium, respectively, each containing 10% HI-FBS. Cells were infected with lentiviruses expressing a MUC1 shRNA (Sigma, St Louis, MO, USA), a control scrambled CshRNA (Sigma), or MUC1-C. 47 Cells were treated with (i) the MUC1-C inhibitor GO-203 or a control peptide CP-2, 48 and (ii) the NF-κB inhibitor BAY11-7085 (Santa Cruz Biotechnology, Dallas, TX, USA).
Immunoprecipitation and immunoblotting
Total cell lysates were prepared in NP-40 lysis buffer as described. 48 Soluble proteins were subjected to immunoprecipitation with anti-MUC1-C. 49 Precipitates and cell lysates were analyzed by immunoblotting with anti-MUC1-C, 49 anti-β-actin (Sigma), anti-TAK1 (Cell Signaling Technology, Danvers, MA, USA), anti-phospho-IKKβ, anti-IKKβ, anti-phospho-NF-κB p65 (Cell Signaling Technology), anti-NF-κB p65 (Santa Cruz Biotechnology), anti-TRAF6, anti-BCL-XL and anti-AXIN2 (Cell Signaling Technology). Immune complexes were detected using horseradish peroxidaseconjugated secondary antibodies and enhanced chemiluminescence (GE Healthcare, Pittsburg, PA, USA).
Quantitative RT-PCR
For qRT-PCR, cDNA synthesis was performed with 1 μg of total RNA using the SuperScript III First-Strand Synthesis System (Invitrogen, Grand Island, NY, USA). The Power SYBR Green PCR Master Mix (Applied Biosystems, Grand Island, NY, USA) was used with 1 μl of diluted cDNA for each sample. The samples were amplified using the 7300 Realtime PCR System (Applied
